ABSTRACT-A mass mortality of cultured ayu Plecoglossus altivelis occurred from May to June in 2006 in Hiroshima Prefecture. Most of the diseased fish showed exophthalmos, reddening of the head and curvature of the body. A Gram-negative bacterium was isolated from the brain and kidney of affected fish by using a blood agar medium, but not by non-blood agars. The bacterium was well-cultivable on non-blood agars supplemented with hemin at 25 mg/mL or higher concentrations. The bacterium was classified into the genus Vibrio but differentiated from any known vibrios, based on the results of conventional characterization tests and sequence analyses of 16S rDNA and the non-coding region of the intergenic transcribed spacers between 16S and 23S rDNA. Intraperitoneal injection confirmed the pathogenicity of the bacterium to ayu (mean body weight: 14.8 g) with the LD 50 at 1.4 ¥ 10 3 CFU/fish. Bacteriological and histopathological examinations on the experimentally infected fish revealed that the causative bacterium has high affinity to the brain of ayu.
Ayu Plecoglossus altivelis is one of the most important fish species in freshwater fisheries in Japan. During 1960s-1980s , vibriosis caused by Vibrio anguillarum was the most devastating disease in cultured ayu (Muroga and Egusa, 1988) , but the disease ceased suddenly without being explained scientifically around 1990. Thereafter, new infectious diseases such as bacterial coldwater disease caused by Flavobacterium psychrophilum (Wakabayashi et al., 1994) and bacterial hemorrhagic ascites caused by Pseudomonas plecoglossicida (Nakatsugawa and Iida, 1996; Wakabayashi et al., 1996; Nishimori et al., 2000) have posed serious economic damages in aquaculture industry of this fish species. In particular, the former disease has spread widely in Japan and caused mass mortalities in both farmed and wild ayu (Iida and Mizokami, 1996; Hara, 2007 † ). From May to June in 2006, a disease with mass mortality occurred in cultured ayu in Hiroshima Prefecture, Japan. Most of the diseased fish showed exophthalmos, reddening of the head, and curvature of the body. As a result of bacteriological examination, a Gram-negative, fastidious bacterium was isolated from affected fish. The bacterium was classified into the genus Vibrio, but differentiated from any known pathogenic vibrios. In this paper, we describe the results of bacteriological and pathological examinations on the disease.
Materials and Methods

Fish examined
Affected ayu (5-15 g in body weight) were sampled from two facilities, where fish were reared in freshwater (facility A) or in seawater (facility B), during disease outbreaks in May 2006. After external and internal observations, fish were examined bacteriologically and virologically. For bacterial isolation, the brain and kidney samples were inoculated onto sheep blood agar (SBA, Eiken), heart infusion agar (HIA, Eiken), TryptoSoya agar (TSA, Nissui) and brain heart infusion agar (BHIA, Eiken), and the plates were incubated at 18∞C. For viral isolation, filtered (0.45 mm) homogenates of the brain and kidney were inoculated onto FHM cells cultured using minimal essential medium (Nissui) supplemented with 5% fetal bovine serum, and the cells were incubated at 18∞C.
Bacteriological examinations
Prior to characterization tests of the bacterial isolates, the culture medium was improved because of its fastidious growth on commercial agar media except SBA. Hemin (Nacalai) was added to HIA at concentrations of 1.25, 5, 25, 50, 100 or 200 mg/mL. A representative isolate (PH-0604), which was pre-cultured on SBA, was serially 10-fold diluted with saline (0.8% NaCl solution) and inoculated on HIA media with or without hemin. The viable cell count was made after incubation for seven days at 18∞C.
Morphological and biochemical characterization tests on the isolates were carried out with the standard methods. Bacterial cells were negatively stained with 1% uranyl acetate and observed by a transmission electron microscope (JEM-1011, JEOL). Hemin was added to all media used in the biochemical characterization tests at a final concentration of 25 mg/mL. Six isolates from the affected fish, three from facility A and the others from facility B, were used. To examine a possibility that the present strains are identified to V. anguillarum, slide agglutination tests with anti-V. anguillarum rabbit sera (serotypes A, B, C and D: supplied from Japan Fisheries Resource Conservation Association) were carried out.
The optimum growth temperature of the isolate (PH-0604) was examined. The isolate was inoculated in hemin (25 mg/mL) containing heart infusion broth (Eiken) in L-shaped tube, and cultured at various temperatures ranging from 10∞C to 30∞C under shaking condition at 60 rpm. The bacterial growth was monitored photometrically up to 48 h post-inoculation.
Genetic analysis
Two isolates, PH-0604 and PH-0608, were used for genetic analyses. Genomic DNA of the bacteria was extracted by the method using Chelex 100 (Sigma) (Izumi and Wakabayashi, 1997) . The fragment of 16S rDNA was amplified by PCR using the universal primer pair, 20F and 1500R (Weisburg et al., 1991) . Cycling conditions of the PCR (PC808, Astec) were 94∞C (30 s), 51∞C (1 min), 72∞C (1 min) for 30 cycles, which included an initial denaturation step (94∞C, 5 min) and a final elongation step (72∞C, 5 min).
Non-coding region of the intergenic transcribed spacers (ITS) between 16S and 23S rDNA was amplified using the primer pair, VITSF and VITSR (Matsuyama et al., 2006) . Cycling conditions were 94∞C (30 s), 55∞C (30 s), 72∞C (1 min) for 40 cycles, which included an initial denaturation step (94∞C, 5 min) and a final elongation step (72∞C, 5 min).
The amplified fragments of 16S rDNA and ITS noncoding region, which were purified by the MinElute PCR purification kit (Qiagen), were sequenced using the BigDye Terminator Cycle Sequencing kit (v.1.1, Applied Biosystems) and the ABI 310 automated DNA sequencer (Applied Biosystems). The sequencing data were analyzed with the DNASIS Pro (v.2.0, HitachiSoft). The sequence data obtained from the present strains were compared with the sequence data in the DDBJ databases using the BLAST algorithm.
Experimental infection
Apparently healthy ayu (mean body weight, 14.8 g) were used for infection experiments with the isolate PH-0604. The isolate was grown on HIA containing hemin (25 mg/mL) (H-HIA) for four days at 18∞C and suspended in saline. Four fish groups, each consisting of 25 fish, were anaesthetized by eugenol (FA-100, DainipponSumitomo) and injected intraperitoneally with the strain at 2.7 ¥ 10 6 , 2.7 ¥ 10 4 , 2.7 ¥ 10 2 CFU/fish, or only saline (control). Fish were kept in UV-treated dechlorinated tap water and water temperature was maintained at 18∞C-19∞C during the experiment. Bacterial re-isolation was conducted from the brain and kidney of dead fish using H-HIA. The LD 50 value was calculated using a probit method. In a separate series of infection experiment, where fish were intraperitoneally injected with the isolate PH-0604 at a dose of 2.7 ¥ 10 4 CFU/fish, moribund fish were sampled for viable cell count of the bacterium in the brain, spleen, liver and kidney. The organs were taken out aseptically, homogenized with 10-volumes of saline, and serially 10-fold diluted with saline. Each dilution was inoculated on H-HIA and the number of viable cells was counted after seven day-incubation at 18∞C.
Histopathological observation
Each two naturally and experimentally affected ayu was subjected. The tissues (brain, eye, heart, spleen, liver and gills) of fish were fixed with Davidson's solution. Paraffin sections were stained with Hematoxylin and Eosin (H & E) and Giemsa.
Results
Disease occurrence and bacterial isolation
Mortalities of fish in two facilities reached approximately 20% (facility A) and 80% (facility B) during two and three weeks, respectively. The disease occurred when water temperature ranged from 15.5∞C to 19.0∞C. Most of the moribund fish showed exophthalmos, reddening of the head and curvature of the body (Fig.  1) . A single species of bacterial colony was formed on SBA inoculated with the kidney and brain after four dayincubation at 18∞C, but no dominant bacteria were isolated on TSA, HIA, or BHIA. The number of colonies obtained from the brain was higher than that from the kidney, and b-hemolysis was observed on SBA after 10 day-incubation at 18∞C. No cytopathic effects were observed in FHM cells inoculated with filtered homogenates of the kidney and brain for seven days at 18∞C.
Effect of hemin
Addition of hemin to HIA gave higher numbers in the viable cell count (Table 1) . No colony formation was observed at 0 or 1.25 mg/mL of hemin. HIA medium with 25 mg/mL or higher concentrations of hemin supported well the bacterial growth, which was comparable with SBA.
Morphological and biochemical characteristics
All six isolates examined showed the same characteristics (Table 2) . They were Gram-negative, facultatively anaerobic, motile, short rods, oxidase and catalase-positive, and sensitive to the vibriostatic agent O/129 (150 mg). Lophotrichous flagella were observed by electron microscopy (Fig. 2) . These morphological and biochemical characteristics indicate that the isolates are classified into the genus Vibrio. However, other characteristics of the isolates were not identical to those of known pathogenic vibrios including V. anguillarum and V. ordalii, pathogens of ayu ( Table 2 ). The agglutinating test with four anti-V. anguillarum sera was all negative for the isolates.
Growth temperature
The isolate (PH-0604) grew at temperatures ranging from 13.5∞C to 26.1∞C, with the optimum growth temperature at 22∞C-23∞C (Fig. 3) .
Genetic analysis
Two isolates examined, PH-0604 and PH-0608, had the same sequences in 16S rDNA and ITS non-coding region. The sequence of the 16S rDNA was compared with the other eubacterial 16S rDNA sequences (Table  3) . A high similarity was shown between the isolates and Vibrio species, especially V. ordalii (99.7%) and V. anguillarum (98.6%). The ITS non-coding region sequence length of the isolates, which were amplified with the VITSF and VITSR primers, was 261 bp. A high similarity (98.8%) was shown between the isolates and V. anguillarum, but it was low (66.9%) between the isolates and V. ordalii (Table 3 ). The nucleotide sequence data, which were obtained in this study, appear in the DDBJ database under accession numbers AB367436 and AB365353.
Experimental infection
Cumulative mortality of ayu injected with PH-0604 is shown in Fig. 4 . Fish injected with 2.7 ¥ 10 6 , 2.7 ¥ 10 4 and 2.7 ¥ 10 2 CFU began to die at four, seven, and seven days post-injection, respectively, and the cumulative mortalities reached 100%, 80% and 32%, respectively. The LD 50 value of the isolate to ayu was calculated as 1.4 ¥ 10 3 CFU/fish. Most of the affected fish showed exophthalmos and reddening of the head. The bacteria were re-isolated from the kidney and brain of dead fish with H-HIA. The viable cell numbers of the bacteria in two moribund fish are shown in Fig. 5 . These fish were sampled at 16 and 20 days post-injection. The numbers of the bacterial cells in the brain were greatly higher than those in the other organs tested. 4 . Pathogenicity of the isolate PH-0604 in ayu. Fish were intraperitoneally injected with the isolate at doses of 2.7 ¥ 10 6 ( ), 2.7 ¥ 10 4 ( ) and 2.7 ¥ 10 2 ( ) CFU/ fish, or with saline ( ) as a control. Water temperature: 18-19∞C.
Histopathological observations
Large necrotic lesions were observed in the brain of both naturally and experimentally infected fish (Fig. 6 ), but bacterial cells were not found abundantly in the brain. The similar lesion was also observed in the eye. No histopathological changes were observed in the liver, heart, or gills, except for slight deposition of hemosiderin in the spleen.
Discussion
In the present study, we investigated the etiology of mass mortalities in cultured ayu. A Gram-negative bacterium was isolated from the brain and kidney of affected fish using sheep blood agar, but not by non-blood agars. In order to find convenient culture media for the present bacterium instead of blood agar, we examined the effect of hemin. As a result, the bacterium grew well on HIA medium containing hemin at 25 mg/mL or higher concentrations, and thus hemin was supplemented to all culture media at a concentration of 25 mg/ mL for the subculture, colony count, and biochemical characterization tests. To our knowledge, only atypical Aeromonas salmonicida has been known to require hemin for the growth among fish-pathogenic bacteria (Ishiguro et al., 1986; Nakai et al., 1989) .
Based on the morphological and biochemical characteristics, the bacterium isolated from diseased ayu was classified into the genus Vibrio. However, they were not identical to any known pathogenic vibrios in the morphological and biochemical characteristics. In particular, the bacterium was characterized by possessing lophotrichous flagella, requirement of hemin, and no utilization of sugars other than glucose. The sequence analysis of 16S rDNA showed the highest similarity to V. ordalii and V. anguillarum. However, as it is difficult to differentiate Vibrio spp. based on the 16S rDNA sequences (Chun et al., 1999; Thompson et al., 2005) , for further genetic analysis we targeted ITS non-coding region, which was used for the discrimination of fish pathogenic Vibrio and Photobacterium species (Matsuyama et al., 2006) . The sequence of ITS noncoding region had the highest similarity to V. anguillarum but the lowest to V. ordalii. Although these analyses suggest genetically close relationship between the present bacterium and V. anguillarum, further examinations on the phenotypic and genetic characteristics are required for identification at species level of the bacterium.
In the experimental infection, the isolate showed high pathogenicity to ayu. The clinical signs in the infected fish, exophthalmos and reddening of the head, were similar to those of naturally affected fish. The inoculated bacteria were re-isolated mainly from the brain of dead fish. Therefore, the present bacterium was considered to be the causative agent of the present mass mortality. High bacterial proliferation was seen in the brain of experimentally infected fish, and histpathological examination revealed extended necrotic lesion in the brain. It seems that the causative bacterium has high affinity to the brain of ayu. These pathological features are different from those of V. anguillarum or V. ordalii infection of ayu, which are characterized by hemorrhages on the trunk skin (Muroga and Egusa, 1988) or swelling lesion on the trunk skin (Muroga et al., 1986) , respectively.
The present mass mortality of ayu occurred suddenly at two facilities from May to June 2006. The fish were introduced to these facilities at the end of April from another facility, where hatchery-produced seedlings were reared in net cages in the sea. Mortality began to occur approximately at 15 days after introduction of fish to the two facilities. Although there are few epidemiological evidences, the infection source of the disease may be present in the sea where fish were originally reared, since sporadic mortality was observed before transportation of fish. Similar disease has not been noticed thereafter, but this vibriosis should be monitored as a new disease of cultured ayu.
